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ABSTRACT
Fatigue damage mechanisms have been investigated using a series
of tensile fatigue tests on several laminates of boron/aluminum
(6061-0). This study focused on four aspects of the fatigue response.
First, in laminates with 0° fibers on the outside, an analysis that
identifies "shakedown" conditions was shown to predict the stress
amplitude below which no fatigue damage accumulated. Second, a simple
fatigue damage accumulation model which relates matrix fatigue crack-
ing and the overall laminate properties is described. A model for the
saturation damage stage development is presented. Third, data will
illustrate that identical laminates, tested in directions 90° apart
(such that one layup has 90° outer plies and the other 0°), have dif-
ferent fatigue behaviors due to the stacking sequence. The 90° plies
on the surface develop cracks earlier than predicted by shakedown. An
attempt was made to explain this stacking sequence effect. Finally,
variable load history effects on the fatigue damage response were
investigated by simple tests. These tests revealed that for a given
stress ratio the specimen seeks the saturation damage state for the
. largest stress range to which it is subjected. It was also found that
little damage is generated by shifting a given stress range down,
whereas significant damage may be created by shifting it upward. The
laminate stresses were always tensile.
LIST OF SYMBOLS
a half length of crack, mm
Ef fiber elastic modulus, MPa
Em matrix elastic modulus, MPa
' Em effective modulus of the matrix in the loading direction, MPa
eff
EN unloading elastic modulus of the Nth cycle, MPa
E unloading elastic modulus of the first cycle, MPa
0
R stress ratio
S maximum laminate stress, MPa
max
S . minimum laminate stress, MPa
mln
SII laminate stress in the 0° fiber direction, MPa
$22 laminate stress in the 90° fiber direction, MPa
$33 laminate stress in the thickness direction, MPa
Vf fiber volume fraction
Y cyclic hardened yield stress, corresponds to one-half the
matrix fatigue limit for R = 0, MPa
As laminate strain range associated with the saturation
damage state
Asm compressive strain range of the matrix material in the
comp
loading direction
AK stress intensity range, MN-m -3/2
AKth threshold stress intensity range, NN-m-3/2
AS laminate stress range, MPa
2
ASsh stress range that causes no fatigue damage, MPa
A_e stress required to growth an embedded flaw, MPa
A_ stress required to grow a surface flaw, _{Pas
_f Poisson's ratio of the boron fiber
• m Poisson's ratio of the matrix material
correction factor to account for the effect of laminate
stacking sequence
INTRODUCTION
In recent years, fatigue damage and failure of metal-matrix
fibrous composites have been extensively studied [i-ii]. Most studies
were tests to determine S-N curves. Such tests indicate only the
number of cycles that a composite laminate could sustain for constant
maximum and minimum load levels ; they do not indicate the physical
degradation due to fatigue, nor give much insight into the complex
fatigue damage mechanisms that occur in these materials. Most fatigue
tests of metal matrix composites were conducted under constant
amplitude loading; thus, variable amplitude loading effects, which are
prominent in most structural applications, are not well understood.
The objective of this paper is to examine, by test, the fatigue
damage mechanisms of continuous boron fibers in a 6061 aluminum
matrix. It will focus on four areas of metal matrix fatigue:
(i) correlation of laminate fatigue damage threshold with the matrix
cyclic yield stress, 2) presentation of a simple model for the damage
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that leads to a damage saturation state, (3) the effect of ply
stacking sequence on fatigue damage accumulation, and (4) the
effect of variable load history on fatigue damage.
FATIGUE OF COMPOSITE LAMINATES
Specimen Preparation and Testing
The material for the boron-aluminum composite specimens was
manufactured in the form of 300 by 230 mm plates. The matrix was
6061 aluminum; fibers were 0.14 mm (5.6 mils) diameter boron.
Table i presents material properties for the boron 28 and
aluminum constituents and Table 2 shows the six laminates that were
tested. Plates were cut with a diamond saw into rectangular speci-
mens 102 mm (4.0 in.) long and 12.7 mm (0.50 in.) wide. All specimens
were annealed at 413° C (775° F) for two hours and cooled at the
rate of about 28° C (50° F)_per hour from the annealing temperature
to 260° C (500° F), oven cooled to room temperature. Ultrasonic
C-scan was used to screen out the specimens containing detectable
defects (see Appendix). Glass-epoxy end tabs were bonded to each
composite specimen. Tab dimensions were 3.2 mm (0.125 ino) thick
and 28.6 mm (1.125 in.) long. All fatigue failures occurred in the
gage section, none in the tab area.
The specimens were tested at a cyclic frequency of i0 Hz in an
MTS closed-loop hydraulic machine, in a load-controlled tension-
tension mode. Standard wedge grips were used. The specimen
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strains were measured with an MTS extensometer of 25.4 mm (i.0 in.)
gage length, designed for fatigue testing. An X-Y plotter
recorded the stress-strain response during a quasi-static loading
cycle.
Boron-Aluminum Composite Test Results
As previously mentioned, the stress-strain response of each
specimen was recorded at various intervals during the cyclic life
to determine the changes in various mechanical properties due to
fatigue damage. These changes in mechaincal properties will be
shown to be caused primarily by fatigue cracks developing in the
matrix material. Figure i shows a typical stress-strain response
of a boron-aluminum laminate loaded at R = 0.3. The unloading
elastic modulus was measured for each recorded cycle. Secant
modulus is affected by matrix hardening as well as fatigue damage
[12,13] whereas the unloading elastic modulus is not, and is a
more direct indicator of fatigue ds;mage.
An example of the fatigue damage accumulation as a function of
number of applied cycles and stress is presented in Figure 2 for a
[0/+45/90/0/+45/_] s laminate. The damage is expressed in terms
of EN/Eo, the percent of the initial unloading elastic modulus
remaining after N cycles. All of the data shown are for specimens
that survived 2-million cycles, after which the tests were
terminated. Notice that each specimen appears to reach a stabilized
value of EN/E herein referred to as a "saturation damage state"o
(SDS). All of the specimens shown in Figure 2 were cyclic loaded
below the 375 MPa fatigue limit. S-N data and the associated
fatigue limits are presented in reference [13] for all six laminates.
The saturation damage state implies that the laminate will neither
accumulate more damage or fail under the present loading condition.
Figure 3 presents the saturation damage state as a function of
stress range by plotting the EN/E ° values after two million cycles.
This figure includes data for stress ratios of R = 0.i and 0.3.
The constant amplitude saturation damage state sums to be a function
of stress range and independent of mean stress. The data can be
extrapolated, using a regression analysis, to i00 percent of EN/E _
(i.ec, no change in elastic unloading modulus) to determine the
stress range below which no fatigue damage accumulates. This range
was referred to as the shakedown range ASsh. The type of data
presented above was generated for all six laminates. The corresponding
ASsh values are presented in Table 2. Notice that the laminates
with a 90° ply on the surface have lower ASsh values than
similar laminates with 0° surface plies. Hence, the stress level
required to produce fatigue damage is lower for laminates with 90°
outer plies than for those with 0° outer plies. This stacking
sequence effect will be discussed later.
Shakedown Analysis
The possible relationship between fatigue and shakedown
stress range in metal matrix composites was first suggested by
Dvorak and Tarn [14] and related to the available experimental data_
obtained primarily for unidirectional B-A_ materials. Since only
S-N data were available for analysis, they tried to relate the
shakedown stress to the fatigue limit. This relationship, however,
does not generally hold, as was demonstrated when additional data
became available. In the present paper, the relationship between the
fatigue damage initiation stress (not fatigue limit) and shakedown
is examined analytically and experimentally for both unidirectional
and cross-plied B-A_ composites.
If fatigue damage is to be avoided in general, and low cycle
fatigue failures in particular, the cyclic applied load must produce
only elastic strains in all constituents. However, local plastic
straining can be permitted in the composite during the first few
load cycles, provided that the composite "shakes down" during these
few cycles. The shakedown state is reached if the matrix cyclically
hardens to a cyclic yield stress Y such that only elastic
deformation occurs under the subsequent load cycles. Previous tests
on annealed aluminum have shown that the fatigue limit coincides with
the stable cyclic yield stress [15], i.e. the cyclic range was
elastic. This is in accordance with Melan's theorem [16] as well
as others [17-19].
The application of Melan's theorem to shakedown of unidirectional
composites was presented in [20] and the extension to laminate plates
m
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was discussed in [12]. These and other related results [21-23]
describe a procedure for the determination of initial yield surfaces
for composite laminates, the translation of these surfaces in the
load space during plastic loading, and their relation to shakedown
envelopes.
Figure 4 shows the ply yield surfaces for the case of a B'A_
plate under biaxial in-plane stresses SII and $22; Y is the
cyclic hardened yield strength of the aluminum matrix. Each of the
plies has its own elliptical yield surface, constructed analytically
from the ply matrix stresses and the Mises yield condition. The
overall yield surface of the laminate is an internal envelope
of the yield surfaces of individual plies.
Figure 5 shows this internal envelope, i.e., the laminate initial
yield surface, and the translation and deformation of this yield
surface in the process of plastic loading to SII/Y = 3.0. The
deformation of the laminate yield surface is the result of the
relative translation of the three ply yield surfaces in the biaxial
loading plane. Each of the ply surfaces translates, according to
its own hardening rule [22-24]. After loading to SII/Y = 3.0, the
composite will remain elastic for any loading path within the
current yield surface. In the case of cyclic loading, the current
yield surface will be the shakedown envelope, such as the envelope
shown in Figure 5. The shakedown stress range, ASsh, is the
width of the shakedown envelope in the direction of uniaxial loading
applied in this experimental program.
ASsh/Y is the dimensionless width of the internal envelope
of the yield surfaces along the SII load axis in Figures _ and 5.
The analytically predicted magnitudes of ASsh/Y are listed in
Table 2. In each case load applied is applied in the 0° fiber
direction.
Unreinforced 606.1-0 aluminum specimens were fatigue tested to
determine the extent of cyclic hardening and the appropriate value
for Y that may be expected for the matrix of the composite specimens.
The average initial yield stress of six specimens was found to be
58.0 MPa (8.42 ksi). The maximum elastic stress range corresponded
to the fatigue limit, which was 141 MPa (20.4 ksi) at 2 x 106 cycles.
The magnitude of matrix yield stress Y to be used in shakedown
limit calculations was assumed to be 70.3 MPa (10.2 ksi), i.e., to
one-half of the fatigue limit at R _ 0.i. This R value is not
quite ideal because the matrix, within a composite containing 0°
fibers, cycles between its tensile and compressive yield stress,
Y, at R =-i.0. More details are available in references [12]
and [13].
Table 2 presents the analytical shakedown range and the range
determined from the regression analysis of the experimental data.
The correlation is within i0 percent except for those laminates
with 90° outer plies. This suggests that there exists a stacking
sequence effect.
SIMPLE FATIGUE DAMAGE MODEL
The decrease in elastic unloading modulus observed during fatigue
cycling could be caused by matrix cracking or fiber breakage.
Specimens were examined for fiber failure and matrix cracking by
gradual etching of the aluminum matrix in a 30 percent HCZ solution
in distilled water. Fiber failure was detected only in specimens
tested at stresses that approached the fatigue limit. However,
substantial laminate modulus changes were detected well below this
stress level. Those specimens that sustained modulus loss without
failure had long matrix cracks which grew parallel to the fibers
in the off-axis layers of the laminate. These cracks appeared to
be mostly within the individual off-axis plies. They did not extend
beyond the nearest layer of fibers that were not parallel to the
matrix crack direction. Almost all of the observed modulus decrease
is likely to be attributable to cracks in the off-axis plies, since
such cracks were the only observed damage of consequence.
Figure 6 shows the matrix cracks in the 45° layer of a
[0/+45/90/0/+45/9-O] s specimen tested at S = 375 MPa, R = 0.3,
-- -- max
for 2 x 106 cycles. The cracks are partially hidden behind the few
remaining 0° (vertical) fibers (oriented in the vertical direction
in Figure 6). No matrix cracks were seen on the outer surface,
i0
other than an occasional "H" crack [9,12] associated with a random
broken tO° fiber.
Figure 7 reveals the matrix cracking in the second ply of a
[0/9012s laminate specimen tested at Smax = 500 MPa, R = 0.i
for 2 x 106 cycles.
A simple analysis was developed to relate the decrease in laminate
unloading elastic modulus to the matrix damage. The off-axis plies
were assumed to develop cracks during cyclic loading (above the
shakedown stress range) so that the cracks opened during tensile
loading; thus, the modulus is reduced under tensile loads in the matrix.
However, for compressive loading the cracks close, so the modulus is
unchanged. Figure 8 illustrates this behavior in terms of theapplied
laminate stress and the corresponding stresses in the matrix and 0°
fibers. The laminate has an ideally elastic-plastic matrix (for
illustration of the model and simplicity of presentation) and is
subjected to a constant cyclic stress range, AS. The matrix stress
was assumed to cycle between +Y and -Y as shown in Figure 8. The
dashed lines in this figure represent the initial loading response.
Accordingly, the first load cycle causes the matrix and 0°-fiber
stresses to follow the dashed loops. With subsequent cycling, the
matrix cracks, effectively decrease the matrix tensile modulus until
a saturation damage state is reached. The dashed loops narrow to
zero-width loops, shown as solid lines; the lines represent the
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saturation damage state. The saturation damage state develops when
the matrix cracking causes transfers of load to the 0° fibers, thus
relieving the matrix from umdergoing additional damaging plastic
deformation. If the stress range, AS, were increased, the effective
tensile modulus of the matrix must decrease to again reach a saturation
damage state, which implies that more fatigue damage must occur,
The laminate elastic unloading modulus would then decrease even more.
If the load transferred to the 0° fiber due to matrix cracking and
overall laminate load, causes the 0° fiber stress to exceed the
fiber's endurance strength, f
_ult' no saturation damage state will
develop_ the laminate will fail.
The drop in matrix modulus in the load direction due to fatigue
damage will now be evaluated. Figure 9 depicts the stress-strain
curve of the saturation damage state that has developed a hypothetical
laminate. The strain in the matrix and laminate is plotted versus
the matrix stress, _m and laminate stress, S, respectively. The
damage state has an associated cyclic strain range, A_, that remains
constant during a saturation damage state [13]. If this cyclic strain
is known, an effective tensile modulus _eff of the off-axisrange
matrix material can be estimated. Note that _eff is the modulus
in the loading O°'fiber) direction. The compressive strain range
of the matrix, ASm , was approximated by
comp
ASsh
Asm _
comp 2E
o
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where Ssh and Eo are the experimentally determined shakedown stress
range and iritial laminate unloading elastic modulus, respectively. The
effective tensile modulus of the off-axis m_rix material can now be
approximated by dividing Y by the cyclic strain minus the compressive
portion,
° -
where Y = 70.3 MPa for laminates with 0° outer laminae, which corre-
l_ed well with the shakedown analysis; however,
_/(A ASsh)= y - 27--0
For the laminates with off-axis laminae on the outside the factor _ is
introduced to correct for the effects of stacking sequence on the shake-
down stress range, and is defined as
ASR
¢ = ASs--_
Notice that the values of _ in table 2 are near unity for laminates with
0° fibers on the surface, but are much smaller for laminates with off-axis
laminae on the outside. The validity of the above assumptions and model
can be evaluated for other arbitrary laminates that have developed a satu-
• ration damage state by measuring the cyclic strains. The <ff values
can be calculated from the data in tables 2 and 3 and the above equations.
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mThe Eef f were used as the matrix modulus in lamination theory
(using the computer program ANSPLY [24]) to calculate the unloading
elastic modulus of the composite in its saturation damage state.
All the fibers were assumed to be intact, and matrix damage was assumed
to be characterized by its lower modulus, _eff" Although such
a
formulation implicitly assumes that the matrix modulus is reduced
isotropically, the reduction really is orthotropic. However, since
we are interested in the laminate modulus in the loading direction
only, the assumption should not introduce excessive error. Table 3
presents the results obtained at two cyclic stress levels for each
laminate. The predicted and experimental EN/E ° Values are
presented for comparison. The good correlation between these
experimental and predicted values lends validity to the model
illustrated by figures 8 and 9. Therefore, if the cyclic strain
range is known for a particular metal matrix composite laminate, a
good _antitative approximation of the matrix fatigue damage in
terms of elastic modulus reduction can be calculated.
It is further suggested that a saturation damage state can only
be maintained within laminate specimens that contain 0° or near 0°
laminae. The 0° laminae enable the matrix to reach a damage state
such that the matrix s_resses, _m are low enough that damage no
longer accumulates. In other words, it is expected that an angle-ply
laminate specimen such as (+45 would fail at approximately the
__ S _
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laminate shakedown stress range since, once the fatigue damage
starts, it could only end in failure of the laminate. Menke and
. Toth [7] present S-N data for +45 ° cross-ply B-A£ 6061 specimens_
with Vf = 0.60. The fatigue limit, at 2 x 106 cycles and R = 0.0,
was 138 MPa (20 ksi). The S-N curve was very flat. The initial yield
surface of this laminate was calculated, as discussed earlier in
this paper, and resulted in a shakedown range of 2.14 Y. Assuming
the Y for Menke and Toth's matrix is equal to the matrix material
tested in this program, the shakedown range for a +45 laminate with
Vf = 0.6 is ASsh = 150 MPa, which agrees well with the experimental
data (i.e., 138 MPa). Therefore, the angle-ply laminate specimens
probably do not reach a saturation damage state, but fail at
approximately the laminate shakedown stress range due to matrix
cracking.
STACKING SEQUENCE EFFECT
As shown earlier, laminates with 90° outer plies tends to
accumulate fatigue damage at a lower stress level than a similar
laminate with 0° outer plies (table 3). An examination of the
behavior of [0/9012s and [90/012s laminate specimens cut from the
same plate will now illustrate this.
Figure i0 presents curves depicting modulus loss, due to
2 x i06 cycles of fatigue, versus the cyclic stress range for both
• [0/9012s and [90/012s. Notice that the [90/012s accumulates damage
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at a lower fatigue stress range. However at the high stress, i.e.,
400 MPa, the damage is nearly equal for both laminates.
Further evidence of the stacking sequence effect is found in
a series of micrographs of [90/012s specimens (figure ii). The
micrographs are of the failure surface with the 90° fibers in the plane
of the page. Each specimen presented was tested at a different stress
level for 2 x 106 fatigue cycles and then pulled for residual strength.
Notice in Figure ll(a) (AS = 202.5 MPa) that the 90° fibers are split
longitudinally in all of the 90° plies. The 90° fibers split through
the tungstun core, which is sometimes visible as a line in the
middle of the fiber. This is an indication of very little fatigue
damage in the matrix before the residual strength test. The transverse
strength of the boron fiber appears to be less than undamaged matrix
material. Merke and Toth [7] have made similar observations. The
specimen shown in figure ll(b) (AS = 225 MPa), indicates cracks in
the outer 90° plies, since the inner 90° still failed through the
fibers, whereas the outerplies failed through the weaker cracked
matrix. These cracks in the outer 90° plies were also visible on
the surface. (Notice in figure i0 that at stress range equal 225 MPa
the [90/012s laminate had lost 18 percent of the initial modulus,
whereas the [0/9012s only lost 5 percent. When examined, the [0/9012s
specimen revealed no significant surface damage, fiber damage, or _
cracks in internal ply matrices. ) Figure ll(c) (AS = 405 MPa) shows
m
extensive matrix damage in all four 90° plies. A [0/9012s specimen
tested at the same stress level also showed as much damage.
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Hancock [5] stated that the fatigue damage in a composite
laminate could initiate from surface imperfections. However, as
. previously discussed, the microscopic examinations showed that the
only surface cracking found on the 0° outer layer were the H-cracks
that were associated with broken 0° fibers. The microscopic
examination further revealed that the 0° lamina had a crack arresting
capacity for cracks growing other than parallel to the fibers. Long
matrix cracks in the +45 ° and 90° lamina (Figures 6 and 7) grew to the
edge of the 0° fibers without causing 0° fiber failure or growing
past the 0° fibers to the free surface. Therefore, if potential
crack initiation sites existed on the free surface, it is doubtful
that they could initiate and grow because of the restraint of the
O° fibers.
However, with the 90° fibers on the free surface, the surface
defects could indeed cause early crack initiation and growth. Figure
ll(b) il]_ustrated the crack growth in the outer 90° surface as
opposed to little or no cracking in the inner two 90° plies. This
can be explained by the use of fracture mechanics. Assume that there
exists two tiny flaws of the same dimension !, one of the free
surface in the form of a "thumbnail" type flaw and one in the form
of a "penny" shaped flaw embedded in the matrix of an inner 90°
lamina as shown in figure 12. The stress intensity range, AK,
for these two types of flaws are as follows:
m
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Surface "Thumbnail" flaw [25]
AKth= l.l
where AKth is the threshold stress intensity range, below which
no crack growth will occur, and A_ is the corresponding thresholds
stress ;
Embedded "Penny" shape flaw [26]
2Ad
e
AKth =
The above equations were solved for the threshold stress ratio t;o
obtain
AKt h
Aq
e= 2_a
= 1.73
Aq s AKth
i.i _a
This implies that the stress required to grow an embedded flaw in
the inner 90° lamina is 1.73 greater than the stress required to
a surface flaw of the same size. Thus a [90/012s laminate wouldgrow
develop fatigue damage at a lower stress in the outer PlY then a
[0/9012 s laminate, in the inner ply. This explanation, which
pertains to homogeneous isotropic materials, is not intended to
_8
apply rigorously to the composites in question, since they are
anisotropic in nature, but to suggest a qualitative trend.
In summary, it appears that the crack initiations on the free
surface have little effect if the 0° fibers are on the outer plies
due to the crack arresting capabilities of the fibers. In this case,
the cracks initiate within the inner, off-axis lamina matrix.
However, if off-axis plies (such as 90° ) are on the outside, surface
flaws may grow at stresses lower than those predicted from shakedown.
Results similar to those discussed in this section were found for
[0/_45/90]s and [90/_45/0]s laminates [13].
LOAD HISTORY EFFECT
Three [0/+45/90/0/+45/_] s specimens were subjected to simple
load variations; the corresponding fatigue damage in terms of
unloading elastic modulus loss was monitored. Figure 13 presents
results from a single specimen tested at R = 0.i when S wasmax
increased stepwise. The cycling at a given level was continued
until a relatively stable value of damage was reached (i.e., no
significant drop in modulus with additional cycling). For reference,
the data previously presented in figure 5 are shown as dashed lines
in figure 13. The test was first conducted at maximum stress (Smax)
equal 210 MPa; this resulted in a modulus drop to about 97 percent.
This loss seems to be consistent with the dashed line for 225 MPa.
• The S was then raised to 275 MPa, which resulted in a loss to
max
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about 73 percent (slightly lower than the dashed 275 MPa data). The
test specimen was then subjected to S = 337 MPa which caused
max
further drop in modulus to about 58 percent, which is slightly above
the dashed line for 350 MPa. The test results of figure 13 imply
that a laminate will seek the SDS associated with the current value
of S if S is the largest in the loading history.
max max
The response of a laminate subjected to a constant stress range
(i.e., 225 MPa), but with varying values of S was investigated.
max
Figure 14 indicates that the modulus drops when the S is shifted
max
upward. As expected, the modulus did not decrease when S was
max --
lowered from 325 to 275 MPa.
Figure 15 presents additional data. Again the stress range was
constant (AS = 225 MPa) (until the last loading segment). The shift
from S = 325 to 300 MPa resulted in a gradual modulus decrease of
max
approximately 2 percent. The 300 to 325 MPa shift upward in figure 14
resulted in an over 4 percent drop. No detectable damage was created
by decreasing S = 300 to 250 MPa. The S was then increased
max max
to 325 MPa and additional damage resulted. Finally, this maximum
stress was then held at 325 MPa and the stress range increased such
that R = 0.i. The damage resulted in a modulus loss of approximately
36 percent which is close to what one might expect from figure 5.
From observations of these three tests, two phenomena seem
obvious:
m
2O
(i) For a given stress ratio, the specimen seeks the SDS for
the largest S to which it is subjected. The simple damage
max
accumulation model in figure 8 may be used to give a possible
explanation of this phenomenon. An increase in the cyclic stress
range above the shakedown range must result in an increase in the
amount of matrix fatigue damage to re-establish a new saturation
damage state. Once the new saturation damage state is established,
reducing the stress range within the AS range on figure 9 will
clearly result in no additional damage.
(2) For a constant stress range, relatively negligible modulus
drop is generated by shifting the mean stress downward_ whereas
significant loss may be created by shifting the mean stress upward.
This second phenomenon is attributed to the tensile plastic deformation
and the opening and extension of the existing cracks during the upward
shift of the stress range. The previously presented model_ figures 8
and 9, does not account for this drop in modulus due to increasing
the mean stress. It is clear, however, from figure 8 that a downward
shift of the stress range would result in a compressive yielding
of the matrix which would not serve to open or extend the present
cracks further. Thus, raising the cyclic mean stress would be more
damaging than lowering.
" Although the variable load history tests were simple, they
revealed some interesting implications for fatigue response under
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complex spectrum loads. For example, Miner's cumulative damage
would not apply for the no-fatigue-damage region. For constant
smplitude tests the fatigue damage was found to be a function of
stress range, but not mean stress. However, if one were to use the
shakedown stress range and randomly chan_e the mean, fatigue damage
would result from the plastic deformation required each time the mean
was shifted. In this manner it is not so much the cyclic load causing
the damage as the plastic excursion between cyclic levels.
CONCLUDING REMARKS
A shakedown analysis for annealed matrix, metal matrix composites
was shown to predict the stress amplitude below which no fatigue
damage accumulated in laminate with 0° fibers on the outside.
A simple fatigue damage accumulation analysis was presented
which adequately described the relationship between matrix modulus
drop due to matrix fatigue cracks and overall laminate properties. A
method for predicting changes in the laminate properties was developed.
It is based upon a model that envisions a saturation damage state to
be able to exist during constant amplitude fatigue loading.
Data were presented to show the difference in fatigue response
of laminates that differed only in stacking sequence; are laminate
had 0° plies on the surface whereas the other had 900 plies on the
outside surface. The 90° plies on the surface developed cracks
earlier than predicted by shakedown. An attempt was made to predict
this stacking sequence effect.
22
Variable load history effects on the fatigue damage response
were investigated by simple tests. These tests revealed that, for
. a given stress ratio, the specimen seeks the saturation damage
state for the largest stress range to which it is subjected. It
was also found that relatively negligible modulus loss results
when shifting a given cyclic stress range down, whereas significant
damage may be created by shifting upward.
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APPENDIX
SCREENING OF COMPOSITE LAMINATES
USING ULTRASONIC C-SCANS
Typically, fatigue test data results are quite scattered. Most
J
of this scatter is due to material variability. One specimen may con ....
rain more, or different, microscopic (or macroscopic) defects than
another. This problem is even more prevalent in composite materials
than in metals. Defects, in addition to those that exist in metals,
that occur in composites are nonuniform fiber spacing, weak fiber-
matrix interfaces, and interlaminar debonds. These defects may differ
not only from one composite laminate to another, but also between
locations within the single laminate from which the test specimens
were cut. It is therefore desirable to have a nondestructive evalua-
tion (NDE) technique that will screen the specimens for "quality."
Davis and Sullivan [28] and Knott and Stinchcomb [29] discussed
some of the current advances and problems concerning the nondestruc-
tive inspection of composite materials. Chang, Gordon, and Gardner
[30] studied fatigue damage in composites by means of various nonde-
structive techniques. Presently, one of the most common NDE tech-
niques for detecting flaws in composites is the ultrasonic C-scan.
The C-scan NDE technique is a special case of ultrasonics.
McGonnagle [31] presents a detailed discussion on the various NDE tech-
niques which includes the ultrasonic C-scan. Basically, the ultrasonic
technique propagates sound waves through the material being evaluated.
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The wave response can be interpreted to detect material variations.
Material variations such as density, voids, and delaminations create
different responses in the wave propagation which can be distinguished
from the response created by a defect-free area.
The C,scan is analogous to a two-dimensional photograph; it is a
projection of the internal details of the specimen onto a plane. Thus,
the C-scan gives the shape and location of the internal defects in a
plane parallel to the Surface. The depth of the defect is unknown.
The C-scan does not indicate the physical nature of the defect,
nor does it indicate how strongly the defect might influence the static
strength or fatigue life. These properties can only be correlated with
the observed defects.
To correlate C-scans with fatigue response, annealed boron-
aluminum 6061-0 [0/±45/90/0/145/90] composite specimens were tested.S
A large 15-1ayer laminate was cut into rectangular specimens, each
10.16 cm long and 1.27 cm wide. The specimens were C-scanned. These
scans were rated to designate the specimen as "good" (G), "defective"
(D), or "very defective" (VD), according to the relative amount of
defect indications as shown in Figure 16.
Presented in Figure 17 are fatigue S-N curve data points desig-
nated as G, D, or VD. The "good" specimens have a fatigue limit of
. 375 MPa (at 2 x 106 cycles) compared to 338 MPa for the "defective"
• ,
speclmen. These data suggest that only one serious flaw need be
present'to drastically truncate the fatigue life. It is difficult to
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infer the fatigue response of a given laminate from its C-scan indi-
cations. However, the greater the number of flaws indicated, the
more likely is the occurrence of a severe flaw. As might be expected,
the VD specimen resulted in a relatively short fatigue life.
Below each of the C-scans in Figure 16, the maximum stress level
for its fatigue test is given. The fracture location is also indi-
cated for each specimen by a line drawn on either side of the C-scan.
Notice that the fracture sites seem to coincide with defect loca_ions
if defects are present. (Doublers, approximately 3.2 cm long, were
bonded to the ends of the specimen making the defects in this area of
little consequence.)
Many of the defects in the "defective" specimens of Figure 16
are narrow, clearly defined and are oriented 0°, , 45°, or 90 ° to the
axial direction. These defects were found to be missing fibers due to
poor fiber spacing during fabrication. Figure 18 is a photograph of a
specimen's edge showing several missing fibers in the 45° lamina, as
was indicated in the C-scan. These types of defects would serve to
make the area locally weak, allowing earlier and more extensive fatigue
damage to the matrix, and causing an early failure in that area.
The reduction in elastic unloading modulus [12,13] versus the
number of cycles has been shown to depend on specimen quality. Since
the elastic modulus is measured in a global manner over a 2.54 cm gage
section, small areas of local weakness, such as missing fibers, may
not degrade the elastic modulus in a noticeable fashion. However, a
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specimen in the "very defective" category should show a noticeable
decrease in the elastic modulus. Notice in Figure 19 that at approxi-
mately the same stress level, there is little difference between the
G and D specimen until Just before failure. As expected, the VD speci-
men had a rapid decrease in modulus and a short fatigue life, despite
its lower stress level.
In summary, it has been shown that those specimens with a higher
defect density suffer relatively more rapid fatigue damage. It would
be difficult to define an accurate "degree of defect" by the C-scan
examination. One can, however, identify a "good" (no obvious defects)
specimen with some confidence. Therefore, the C-scan can be used to
screen specimens to identify the "good" specimens or the best of the
available specimens for testing and evaluation purposes.
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TABLE i.- COMPOSITE CONSTITUENTS MECHANICAL PROPERTIES
Boron fiber [27] 6061 Aluminum0.142 mm diameter
Ef 40..0 x 104 MPa Em = 7.25 x 104 MPa
Elastic
modulus (58.0 x 106 psi) (i0o5 x 106 psi) .
Poisson's _f = 0.200 _m = 0.33
.ratio
. . . _ ......... , ......
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TABLE 2.- PREDICTED AND EXPERIMENTAL LAMINATED COMPOSITE BEHAVIOR
Shakedownstress
Layup Vf E° x 105 MPa ASsh/Y range, ASsh ¢As/ASsh
Pred. Exp.
[018 0.45 2.200 6.10 429 481 1.12
[0/90] 2s O° 50 1. 840 3.13 _ 220 214 0.97
[90/012s 0.50 1.840 3.13 220 173 0.79
0.33 1.264 2.60 183 166 0.91[0/±45/901s
[90/±45/0] 0.30 1.210 2.57 181 123 0.68s
[0/±45/90/0/±45/9--O]s 0.45 1.514 2.71 191 196 1.03
TABLE 3,- SATURATION DAMAGE STATE PREDICTIONS
•T _eff T
Smax R A_ x :lo-3 ! " AZ . -- " _/E°Layup MPa 4 MPa
• Predicted Experimental
.
900 0.3• 2.96 136,653 •91 1 96
[018 800 0.i 3.40 29,813 89 94
450 0.i 2.88 24,410 71 63
[0/90]2S 350 0.1 1.58 • 44,494 84 82
.
u_ [90/01 2s 450 0.1 3.60 17,826 67_. " 66 "
250 0.i ' 1.70 46,029 85_' 83
• ]|
_ _ , 225_000.1°"1 2.10 47,9541. 79 _ _ 76[o/+__5.9o.s4i i i_ _" 1 6 __ i 72,450 i00 t 89
. .]
_ " " 180 0.i 1.7:0 39,287 , 70 75
[90/-+45/0]s _ : 160 0.i 1.40 • 49,712 80 ' 83
[0/+45/90/0/-+45/_]s 350 0.i 3.7 " _22.,802 42 51275 0.i 2.0 . 50,831 83 . 79
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